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Abstract

Quantum mechanics has been extremely useful for the description of material properties.
The rapid development in control and manipulation of coherent quantum systems in recent
years allows for the study and utilization of coherent quantum phenomena as well as the
exploration of quantum mechanical concepts in realistic many-body setups. In such devices
there exists a subtle interplay between a plethora of effects such as, disorder, interactions,
and out-of-equilibrium noise that compete and limit the regimes in which coherence survives.
To describe the transport properties of such devices one requires more suitable tools that
can take into account the interplay between these effects. In the proseminar, we shall review
theoretical tools (both analytic and numerical) that have been developed to address such
transport phenomena. These tools are actively used in contemporary research , are deeply
linked to questions in quantum information theory, and are also an integral tool in the study
of topological phenomena. We shall apply these methods to study realistic models.

In this proseminar, field theoretical methods for the description of many-body transport
phenomena will be discussed.
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Chapter
Gaussian integrals & super-

mathematics

ANTON EDER !

The diagrammatic perturbation approach from previous chapters is well suited for de-
scribing conductivity or other response functions, but becomes increasingly tedious for
calculating higher order moments. Other phenomena like energy level statistics are com-
pletely inaccessible to this formalism. We thus need a new approach: Supersymmetric
non-linear sigma models allow for efficient and mathematically rigorous calculation of
higher order moments and level statistics. To derive such a model in a consistent way,
we have to make use of two new concepts: Gaussian integrals and superlinear algebra. In
this chapter, we will provide a short introduction to those mathematical tools, following
mainly the book of Efetov [1] and notes by J. Shapiro [2].

1.1 Conductivity on a lattice

The arguably most important transport quantity of a solid is its conductivity o. Since this
chapter focuses on introducing the basic concepts necessary for deriving a non-linear sigma
model for the conductivity, it is sufficient to look at o on an infinite lattice. Although we are
ultimately interested in the continuum version of o, the lattice approach offers the advantage
of simplifying most calculations while still capturing all relevant physical phenomena.

1.1.1 Discrete Kubo formula

Suppose that we have a system in equilibrium state pg and apply a weak perturbation
V(t)=-Vof(t)A

to it, where A is a Hermitian operator and the real function f accounts for the time depen-
dence. To ensure that

lim p(t) = po

t——o0

!supervised by Jacob Shapiro
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for the perturbed state p(t), we require the perturbation to be turned on adiabatically, i.e.

lim f(t)=0,

t——o0

FO)=1.

Linear response theory tells us that if we then probe this system with an observable B, its
response to V(t) can be described by

<B>p(t:0) = <B>p0 + XBA‘/O + O(‘/OQ) )

0
XBA = i/ tr (e_lHtBe‘Ht[A,po]) fyde . (1.1)
Since we are interested in the DC conductivity, we take our perturbation to be a weak electric

field in x;-direction
Vit)=E-ze' = Ez;e?

in the limit ¢ — 0™ and probe the system by measuring the current density in z;-direction
ji = —Tr (v; (p(0) — po)) = 04, E; + O(EZ) |

with v = i[H, x| referring to the electron velocity. It should be noted that starting from this
equation, we have to replace the regular trace tr(-) by the trace per unit volume

Te(-) = lim — 3 (8] - [8)

since x}, is not a trace class operator. However, all trace properties relevant for this derivation,
i.e. linearity and cyclicity, still hold. Assuming that the equilibrium state corresponds to a
Fermi-Dirac distribution at zero temperature and Fermi energy E, we can describe py in the
single-particle picture by the Fermi projection:

lim (14 P02~

= B—o0

po = x<k(H)
After inserting these expressions, equation (1.1) becomes
0

O'm'(E) = — lim Tr (e*th [H, 332] eth [Z’j, XSE(H)]) egt dt .

e=0" J_

est_i est_l
ot 5 ’

We can then rewrite
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which allows us to perform a partial integration leading to

et —1

€

0ij(E) = lim (% Tr (e_th [H, 2;] el [z, XSE(H)])> det . (1.2)

e=0t J_

For a derivation avoiding this point please see [3]. Making use of the cyclicity of the trace
and the fact that [H, po] = 0, we can express the time derivative by

d
dt

— Tr (e [H, 2] € [x;, x<p(H)]) = Tt <[H fz](;it [ ethvXSE(H)D

= Tr ([H, z;] ™ [[H, ], x<p(H)] e ")
= —iTr (vi elft v, x<i(H)] eith) :

We can use the spectral decomposition of H to express functions f(H) as

fH) = [ f(NdP(A)

AER

where P is the projection-valued spectral measure of H. This allows us to move the expo-
nentials - and therefore the time dependence - out of the trace:

Tr (v; e [v;, x<p(H)] e ") = Tr (v; (e vix<p(H)e ™" — ™ xp(H)v; e 7))

N /(A Xa)ER? M= (v () — x<r (M) Tr (v AP (M) v; AP()g))
1,A2)€ER

€
eat—lzt/ e dn |
0

we can perform the time integration in equation (1.2):

d
0ij(E) =1 lim / / &l </ telh- dt) (x<e(M) = x<e(A2)) dmi;(Ar, A2)
e—0t )\1 Ao J0O

- dn 1
=1l /A AQ/O = O ag — g ) =) dma s )

If we then rewrite

where we defined
dmij()\l, )\2) =TT (Ui dP()\l) Uj dP()\Q)) .

For well-behaved functions f, we can replace

lim /f dn = lim_f(n)

e—0t € n—0t
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and with the help of the Sokhotski-Plemelj formula, we find that

I 1 d .. 1
im — = —— lim
n—0t (t —in)? dt n—o+ t —in

= — (73 %)/ —amd'(t) .

In this equation, P refers to the Cauchy principal value. If we assume our system to be

time-reversal invariant, one can easily show that
dmij<>\1, )\2) = dmij(/\Q, /\1) .

The product (x<p(A1) — x<p(A2))dm;;(A1, A2) is therefore an odd function of (A, Ag); it
follows from symmetry considerations that the integration over the even P’-term vanishes
and we are left with integrating over the odd ¢’-function:

0ii(E) = 7T/A . 0"(A1 = A2) (x<p(M) = x<p(A2)) dmi;(Ar, A2)
1,22
= [ (O xep () dm ()
At T = 0, the Fermi distribution is simply a step function around E and we have
O\ X<e(A\) = hO(E —\) =d(E —)\)
and thus
oii(E) = /A S(E — \) Tt (0 dP(A) v; AP(V))

(1.3)
= 7 O, O, T (03 x<x, (H)vj X<, (H))

M=Ao=E
We can then make a connection to the Green’s function by using Stone’s formula (cf. page
237 of [4]) and express the density matrix as

E E
X<e(H) = lim l/ Im[R(e +in)] de = lim E/ |R(e 4 in)|* de , (1.4)

n—0+ T J_o =0t T )

where Im[O] := (O — O)/2i and R refers to the resolvent of the Hamiltonian:

R(z) = (H — 21)"" = R(2)
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Inserting equation (1.4) into the Kubo formula (1.3) and using the cyclic property of the
trace, we obtain

0i;(E) = lim s Tr (vi R(E +in)R(E +in)v; R(E +in)R(E + in)>

n—0t+ T
2
= — lim = T (R(E — in)[H.x]R(E — i) R(E + in) [ H, ;| R(E + in)) .
n—
With the useful identity
R[H,O|R =[O, R|

for any operator O, the above equation simplifies to

2
0i;(E) = — lim ‘= Tr ([z;, R(E — in)] [x;, R(E +in)]) .
n—0t+t T
At this point, we can apply Birkhoft’s theorem and relate the trace per unit volume to the
expectation value E[ - | of disorder averaging:

0;(E) = — lim lim —Z (0,] [x:, R in)] [z;, R(E +in)] |02

n—0+ A—zd T|A] 4

2

= — lim LR [(do| [25, R(E — in)] [z, R(E + in)] |do)]

n—0t+t T

Since zy, [dg) = 0, only one term in the expectation value remains:

0ij(E£) = lim —E (6ol R(E — in)zix; R(E + in) |do)]

n—0t T
and by inserting an identity 1 = ) .4 |0, )(6z| between the two position operators, we arrive

at

772
O}j(l?) = lim —E

n—0t T

= lim L Z iz, E [ (6, R(E +11) [00) (6| R(E + in) |50>} (1.5)

n—0+t T
xcZd

hm—Za::z;J |Gx0E+177)”

n—0t T
z€Z4

with the Green’s function in position basis
G(z,y:2) = (0| (H — 21)7']8,) -

This is then our single particle, zero temperature Kubo formula for the DC conductivity on
an infinite lattice. This formula and its derivation can also be found in Appendix A of [5].
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1.1.2 Green’s functions on a finite lattice

1.2

To simplify further calculations and get a better understanding of G, we now go to a fi-
nite lattice A, where operators become matrices and we can express the Green’s function
G(z,y; F £+ in) as components of an inverse matrix

1
G ;B +in) = .
A(xvya 177) (HA_(EZIZ”/]):H-)M/
We can connect our results for the finite lattice back to the Kubo formula (1.5) by using the
fact that

lim Galz,y;2) = G(z,y; 2) .

This is shown in [6]. Depending on the sign of the regulator, G is either a retarded (“+in”)
or advanced (“—in”) Green’s function. This can easily be seen by expressing the Green’s
function as a Laplace transform:

+oo
(H—-(F+ in))*1 = i/ o HHtQI(EEIT 1y
0

We choose to model the electron dynamics by a simple Anderson Hamiltonian with a kinetic
hopping term and a random potential diagonal in position space:

(H\)ay = Toy + Vi = Z Oz—ye +V(T) Oay (1.6)

ecA:|e|=1

where the potential values v(z) are elements of an independent and identically distributed
sequence {v(z)}zea, each drawn with a probability distribution g on R (cf. [6]). The main
difficulty in evaluating the right-hand side of equation (1.5) now arises from having to average
over the inverse of a random potential. However, after introducing both Gaussian integrals
and superlinear algebra, we will be able to express G, in a way that allows us to easily take
the expectation value.

Path integrals

In the derivation of our non-linear sigma model, we will be making use of Gaussian integrals,
which are closely related to path integrals. Although these two are not exactly the same, we
wish to illustrate some physical principles using the latter before proceeding with the former.
To do so, we will follow Chapter 9 of [7]. So far, all quantum calculations were done in the
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Hamiltonian formalism, where the time evolution of a state is described by the operator

U= exp (—%ﬁt) .

The path integral formalism is an equivalent description that makes use of the system’s
classical Lagrangian instead of its quantum Hamiltonian. In this formalism, one can also
easily see how classical mechanics arises from quantum physics.

1.2.1 The action principle in classical mechanics

In classical mechanics, the trajectory g of a particle going from point &, = q(t1) to s = q(t2)
is determined by the action principle: Along q(t), the action

becomes stationary, i.e. its variation vanishes:
5S[ql =0 (1.7)

From this condition, we can derive the Euler-Lagrange equations and thus the equations of
motion for any classical system, given that we know its Lagrangian L.

1.2.2 The action principle in quantum physics

As it turns out, one can generalize this to a quantum mechanical action principle. Since quan-
tum theory is probabilistic, we now have to talk about transition amplitudes K (xy, €a;to—11)
instead of deterministic trajectories q. The probability of the particle going from @, to x5 in
the time interval t, — ¢1 is then given by |K|*. In the path integral formalism, this amplitude
is obtained by summing over all possible paths q(t) the particle could take going from (¢, x;)
to (t2,x2), each weighted by a phase factor

expligla)) = exp (i %) |

We thus obtain
K(xy, a5ty — t1) = /Dq etStal/n (1.8)
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where the the right-hand side is a functional integration over all allowed paths q obeying the
boundary conditions. In non-relativistic quantum mechanics, S' is just the classical action

Slq) = / (%if — V(q)) dt .

In quantum field theory, on the other hand, we talk about fields instead of particles, so
we have to replace trajectories ¢ : R — R? by spacetime-dependent field configurations
¢ : R* — C"; the action along a certain field configuration is then its spacetime-integrated
Lagrangian density L:

Sl = [ £16.0,00,] s

The analog of equation (1.8) is therefore

K(61,657) = (s D) 4 o, 0) = [Do e (3 [ oiel)

1.2.3 Connection to classical mechanics

1.3

Taking the limit & — 0, the quantum action principle (1.8) becomes equivalent to the clas-
sical action principle (1.7). This can be understood intuitively: Paths close to the classical
trajectory g, all contribute with roughly the same phase ¢, since dpq = dS[g.]/h = 0 by
definition. The transition probability is thus enhanced by the constructive interference of
those paths. Paths further away from g, however, vary strongly in S and their phase con-
tributions rotate with period 2wh. Therefore, when summing over those paths, their phases
“average out” and one can neglect their contribution. For typical quantum systems, S has
order of h and we have to consider many different paths. For classical systems, S > h and
even slight deviations from gq shift the action by 4S > h. Consequently, all paths not
infinitesimally close to the classical one interfere destructively and the transition probability
is determined entirely by the trajectory satisfying the action principle (1.7). More formally,
one could also expand in powers of / around g, and get quantum corrections corresponding
to a WKB approximation.

Gaussian integrals

While the path integral formalism allows us to express matrix elements (e_itH )my of the time
evolution operator, the Kubo formula (1.5) requires the Green’s function ((H — z]l)*l)zy. In

this section, we will derive a way to express the matrix elements of such inverted operators
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via Gaussian integrals. It can be easily shown that for ¢ € C and any a € C with Re[a] > 0,

l/ew|2 dp= 1.
™ Jo a

We are now interested in generalizing this formula for complex vectors ¢ € C" and matrices
A e Crxm

1
Ig(A) = —/ e~ P49 dop

7-‘-71
To ensure convergence, A has to have a positive real part Re[A] > 0. Let us also assume that
A is unitarily diagonalizable:

A ="U'diag(as,...,a,) U

By substituting ¢ — U¢ and using the fact that |det(U)| = 1, we find that

_ H / —alil? g,
_ H - -

z 1 al
By definition of the determinant, we then have
1 1
il —(0A9) Qo = . 1.9
One can also show that this is invariant under shifts:
1
— ~leteAleth)) q Va, 3 € C" 1.10
7 Jon 2= Jar(a) o (1.10)
By completing the square and using equation (1.10), we get
1 e<a,A*1,8>
- 7<90’A90>+<O‘750>+<9076> d = —— 111
 Jen 77 det(A) (1.11)

and have thus found the partition function of A with sources o and (3, i.e. the generating
functional

1
Zg (A, B) = _/ e~ (P AR HaR) e qo

7TTL
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Differentiating both sides of equation (1.11) by components @; and (; and subsequently
evaluating them at o = = 0, we finally arrive at
(A7),

L — do — ij 1.12
™ Jon pis 7 det(A) ( )

With this formula, we are now able to express the inverse of a matrix as a Gaussian integral,
which could potentially simplify the disorder averaging in equation (1.5). However, we still
have an additional factor of det(A), which can be highly non-trivial. By combining equations
(1.9) and (1.12), we can eliminate this factor:

(Afl) _ f(Cn QOZWJ e7<%ASD> d(p o aCTiaﬁj ZB(Av «, ﬁ)
o faeteddde Zp(A4;0,0)

a=p=0

Unfortunately, this normalization brings us back to the initial problem of having to average
over the inverse of a random potential; we therefore have to find another way.

1.4 The replica trick

One possible way to do this would be the replica trick: Using equation (1.9), we can write

1= det(A)/ e~ (A9 de

ﬂ-n

and insert this into equation (1.12) (N — 1)-times:

dp\ V! d
(A7Y),; = (det(A) / o (eAv) —f) det(A) / pi7; e oo 22

T T

With Fubini’s theorem, we can write this as an integration over N identical replicas ¢ of

our system:
N
(A7) = det(A)N/ Pl &= Tl (p:40) YN € N (1.13)
(CnN el
The trick is to now take the formal limit N — 0:
N

N—0

(A7), = lim det(A)Y / i ¢§ )905) . I CCPON
Cn
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If this limit were well-defined, we could take the limit of the first factor and thus eliminate
the determinant:

N

_ . ), 4p))
(A 1)ij:J{,1£n)0 CNSOE )905) - Eima (e A0

If we were also allowed to interchange the order of disorder averaging and taking the limit,
we would have found a way to easily calculate the expectation value:

N k)
®), Ap ) de!
/C”N@E)@g) (e a) T

T
k=1

However, since the right-hand side of equation (1.13) is only defined for N € N, it is not clear
how the continuous limit N — 0 can be understood. It is also not obvious that E[ - | and
limy_,o can be interchanged. The replica trick is therefore not mathematically rigorous and
can in fact lead to wrong results; for more detailed criticism, see [8]. A rigorous alternative
to this trick is the supersymmetry method, which we will now derive.

1.5 Fermionic integrals

In the previous section, we integrated over complex vectors ¢ € C", whose components ¢,
could be interpreted as the values of some (scalar) field at each lattice point z € A. Since
those components are regular commuting complex numbers, i.e.

PiP; = PjiPis

such a field would be of bosonic nature. How could we then describe fermionic fields? To
see this, we have to introduce the concept of anti-commuting variables.

1.5.1 Grassmann numbers

An n-dimensional complex vector space V' with an orthonormal basis {e;}!_, can be regarded
as a 2n-dimensional real vector space V with a complex structure

J: V=V, =
and an orthonormal basis {e;, Je;};_;. We can use this to define the Grassmannian algebra

gr ::(C®R/\‘N/
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as the complexification of /\‘7, the 22"-dimensional exterior algebra over V. As such, it

has complex dimension 22" and 2n complex generators {e;, Je;};_ . Since we are ultimately
interested in describing fermions, it is useful to make a change of basis to

wi:: (1®€7,—1®J€Z),

H3|H
[(\)

QLz- ::Eﬂ@ei—i—i@(]ei) .

This way, we get a natural particle anti-particle structure on G™; both 1; and QZZ are eigen-
vectors of J and related to each other via complex conjugation:

To simplify further definitions, let us label the generators of G™ more compactly by
{’Yi}?L = {%71;@}

1=

A general element of G" can then be written as

n= Z O‘j1-~~j2n7{1 JARRRWA 7%72: with Ajy.jon € C ) (1'14>
Jiy--Jon€{0,1}

where A denotes the exterior product, i.e. the multiplication operation on G". A more
detailed characterization of G" and its structure can be found in Folland’s book [9]; for our
basic introduction, however, it is sufficient to know that the generators of G" anti-commute,

Vi ANY; ==Y ANV, (1.15)

making them an obvious choice for representing fermionic fields. In particular, this means
that their square always vanishes:

%‘2 =% Nv=0

As a consequence, any analytic function of these so-called Grassmann variables is a finite
linear combination of all 22" basis elements of G", given that we interpret the powers in the
series representation of such a function as exterior products:
k
k. k
ni=n"=An, neg”
For our purposes, it is also convenient to define both differentiation and integration on this
algebra as linear functionals mapping G"” to C. Without having to deal with any kind of
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limit, we can define an algebraic derivative d,, by

0,1:=0,
Oy = 0ij

and extend this linearly via the generalized Leibniz rule

O (1 A1) := (Do) A1+ (—1)25M i, A (0,,m2) (1.16)

to higher-degree elements as defined in equation (1.14). We also define integration to be the
same as differentiation:

/ - dy; = 0, (1.17)
Changing the notation back from (7;,7i+1) to (s, v;), we define:
/ cdy di = . Ay Adin Ao Ad, A didy,
= 0;, 0p, - 05,04,

This can be interpreted as the integration over a fermionic field ¢ = (¢1,...,1,) and its
corresponding antiparticle field ¢ = (11, ...,1,) and we find, for example, that

/ 1dy dyy =0 and (1.18)
YL AL A APy A dpdep =1 . (1.19)
gn

There also exists a fermionic analog for Fubini’s theorem, which can be easily shown with
definitions (1.17) and (1.16):

/ Fvi,o ;) AG(Yis1y - -5 Yon) Ay -« - dyan

= (-1)(2n7171)deg(87l"'a'YlF(’Yl 7777 71)) (/ F(’Yl? . ,fyl) dﬁyl . dfyl)
gl/2

) (/ G(Vig1s - 72n) A1 - -d’72n>
gnfl/Q

for functions F : G2 — G" and G : G" /2 — G". We can also generalize Fubini’s theorem
to integrals over both bosonic and fermionic variables: For a function f : X — G" mapping
some measure space X with measure p to the Grassmannian algebra G", the integral

/. ( [ s d&) dpu()
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has a clear interpretation, since

fx)dydyp e C Vo e X .
gn

On the other hand, we may expand any such f in a basis {e;}2] of G" = C":

22n

= Zf,(x)e

with coordinate maps f; : X — C. Viewing G" as a Banach space, we can interpret

/ F(z) du(z (/ fi(z) dp(z >eieg”

as a Bochner integral. The integrals on the right-hand side of this equation are then obviously
well-defined. We can thus conclude that

[;n ( / @ d#(@) dpdy= | ( @) dy dzz) dpu(x)

as long as f is Bochner-integrable.

1.5.2 Fermionic Gaussians

We are now interested in the fermionic equivalent of equation (1.9):

Ip(A) = / ) e~ WA Qo) do)

After defining the bilinear form
(¥, A) : Z Ay i Ny
3,7=1

we can expand the Gaussian up to n-th order (all higher orders vanish because of the anti-
commutativity (1.15)):

Ak
_ LS~y
e (0AY) k_ ( E Aj i A wj)

k= i,j=1
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Integrating over ¢ and ¢, all terms of order smaller than n in the Gaussian also vanish (cf.
equation (1.18)) and the integral simplifies to

JF(A):/n% (Z Aisziij> dep dep

ij=1

- /n (=" S Ay Aig i A, -, Ay, dpdy)

n!
ilaj1:~~~77:n7jn:1

Commuting all szk Aj, to =, A 1;% and summing over all permutations of 7, we get an
additional factor of ((—1)"n!):

]F(A):/n‘ S Aujy A b Ay AL A, Ay, dipdy)

We then permute the Grassmann variables into the “right” order, giving each term in the
sum an additional sign:

Ip(A) = / ( > sen(o)) Ay, - .Anjn> Yy AP Ay, dip ded
=det(A) | Vi AULA . A A, dpdid
gn

Using equation (1.19), we then finally arrive at our fermionic Gaussian integral:
/ e~ A Qo dep = det(A) (1.20)
Comparing this result to equation (1.9), we can see that we again obtain the determinant of
A, but this time in the numerator! Analogous to the bosonic case (1.10), one can then show

that for any n € G,

/ o~ (O AY)+ (. Y)+(Pn) dy d@/; = det(A) e(n,A‘1n> ' (1.21)

We have thus found the fermionic partition function of A with source n:

Ze(Ain) = / o~ (B AD 2 Rel10)] 4y) 1))

n
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1.6

After differentiating both sides of equation (1.21) by 7; and 7; and evaluating the result at
n = 0, we find the fermionic equivalent to equation (1.12):

Wi Abj e” AV dyp dyp = det(A) (A7), (1.22)
gn

To get rid of the determinant factor, we could normalize this expression by inserting equation
(1.20): ) )
(A_l) _ fgn @/}l A ’QZ)]' e*<w?A1/’> diz} d'l/) _ 8,71.8,7], ZF(A, 7’])
g Jon e @A) Ay dy) Zr(A;0)

n=0
Since this once again brings us back to our inital problem of having to average over the
denominator, we have to find a smarter way to eliminate the determinant, for example by

integrating over both bosonic and fermionic Gaussians. Combining either equations (1.12)
and (1.20) or (1.9) and (1.22), we get

- 1
(A7), = ( / e~ (A dwdw> (; /C pip; e P47 dso)

1 - N
= <ﬁ/ o~ (P Ap) dgo) ( Ui A o~ (1, AY) dy dl/)) )
n gn

With Fubini’s theorem for mixed integrals, this can be written as

_ 1 . _ ~
(A 1)1“ =— ©ip; e (. AV ~(2.A9) qq) dip dep
J T n Jgn

1 (1.23)
= _n/ Vi A ; e~ WAN=@AR) Qi dih dp
T n gn
We have thus found a way to overcome our “denominator problem”; to simplify further
calculations, however, we have to introduce another new concept.

Superlinear algebra

Looking at equation (1.23), one can immediately see that it would be very convenient to
somehow combine the two fields ¢ and 1 into a single new field. Indeed, one can define a
so-called supervector

db=ppypeC"ag"

with both bosonic and fermionic components. This is a formal object. Since such supervectors
are elements of a highly non-trivial space, we should first examine how concepts from regular
linear algebra can be translated to these superspaces.



1.6. SUPERLINEAR ALGEBRA

1.6.1 Linear algebra with anti-commuting scalars

This section follows Chapter 2 of Efetov’s book [1]; we will therefore momentarily switch to
his notation, which differs slightly from our previous conventions. Most importantly, Efetov
defines complex conjugation in such a way that

(¥)=—v,

while in our convention,

W) =v=1.

()

a general supermatriz F acting on such vectors can be written in the following block form:

=)

Here, a and b are “regular” matrices mapping bosons to bosons and fermions to fermions,

Given supervectors of the form

while o and p map fermions to bosons and vice versa. It follows, then, that a and b must
have commuting components, whereas ¢ and p must have anti-commuting components. We
define the supertranspose of such a matrix by

at —pt
FTi= <O.t bt >

with - referring to regular transposition (A*);; = A;;. This way, it is ensured that
(BR)" =F'F.

We should note that in general, (F'T)T # F; however, defining Hermitian conjugation of

supermatrices by
Ff.=FT
one can easily see that
(FFy)t = FIF,
(FOY = F .
Taking into account the anticommutativity of the fermionic components of ®, we define a

generalized supertrace
str(F') := tr(a) — tr(b)
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that inherits all important properties of the regular trace, e.g. cyclicity:

str(Fy ... Fp 1 F,) =ste(EFLFy .. Frhq)
Similarly, we define a superdeterminant

sdet(F) := det(a — ob™'p) det(b7") ,
which again inherits all properties from its regular variant, e.g. multiplicativity:

sdet(F1Fy) = sdet(F) sdet(Fy)
We then also maintain the following useful identity:
log(sdet(F')) = str(log(F"))
Finally, defining the Hermitian conjugate of supervectors by
o' =0 = (7,9)

one can also define their scalar product

2n n

(0, 0%) = 0e? = 3 Bl0 = 3 (plet + ! A v}

i=1 =1

and bilinear forms

2n
(@', F@%) := ®"FP* = Y LF;03

J =g
4,j=1

= Z (S’?%aijsf?? + oy AT+ D! A pyd + D A biﬂﬁ?)

i,j=1

in the usual manner. These few definitions suffice for our calculations; a more detailed
introduction to superlinear algebra can be found in [1].

1.6.2 Gaussian superintegrals

Let us now return to equation (1.23) and our previous notation. Interpreting A as a super-
matrix A @ A, we can condense the two bilinear forms into one:

(@, AD) = (p, Ap) + (1, A)
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We are also free to define the integration measure on our superspace as

_ dpdydy

ﬂ-’l’b

do :

and can thus write our inversion formula in the compact form

(A7), = / 0P (240 4

)

where the index a € {1, 2} refers to either the bosonic or fermionic part of ® and is completely
arbitrary (cf. equation (1.23)). Note that there is no implied summation over .. One could
then interpret this integral as a field average over a Gaussian distribution determined by the
supermatrix A, suggesting the shorthand notation

()4 ;:/ . e {242 ¢

such that we can compactly write

<1>A =1,
(®937), = (A7), (1.24)

1.7 Taking the disorder average

After introducing these concepts, we can now return to our initial problem of calculating the
conductivity. Equipped with the supersymmetric inversion formula (1.24), we can express
the electronic Green’s functions as

Gala,y; E+in) = ([Hy — (E£in)1] ),
= =i ([nl £i(Hy — E1)]7Y)
— +i (0257)

zy
nl+i(Hy—FE1) °
Note that it’s necessary to factor out +i to ensure convergence of the integral; since the

regulator 7 is by definition a positive number, this always works. Inserting this back into the
expectation value in the Kubo formula (1.5), we find:

E[|Ga(w,0; B +in)’] = E [Galw,0; E + i) Ga(z, 0; B +in)]
= E[GA(0,2; E — in) Ga(z,0; E + in)] (1.25)
= E |(05%2) &)

nl—i(Hx—E1) <<1>§f n]l-i—i(HA—E]l)}
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With the superintegral version of Fubini’s theorem, we can then combine these two integrals
into one:

<(I)8(I)_g>n1—i(HA—Ell) <q)gq)_8>n]1+i(HA—E]1) = <®3®_3>F7 <@g@_8>p+

_ (/ q)gf@f;,e—@*fwﬁ d@) (/ ®g+@e—<cp+,p+<p+> d<I>+>

- / B Ba- BT (PTFTET) (PRI 1o gt

= [ws T e v aw = (v T )
where we defined a new supervector

U:=0" o
and a new supermatrix
F:=F @& Ft:=[nl—i(Hy— FE1)]&[nl +i(Hy — E1)]

such that we can express the modulus square of the Green’s function as a single superfield
average. Introducing the supermatrix

1 0
A= 1=
78 (0 —1)

(which should not to be confused with the lattice A) we can compactly write
F=nl—-iA® (Hy— FEl).

Going back to the impurity average (1.25), one can show that the expectation value and the
superintegration [ d¥ can be swapped:

E[|Ga(w, 0 + in)l] = E [(wg T wetwgT) |
=E { / To~ o gotyote (W) dqf}
~ [E[vg TrurETe v av

and since the superfield components are non-random, we can move them out of the expecta-
tion value:

E[|Ga(z,0; E + in)]*] = / We U wet gt E e P AW
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We are thus left with the impurity average over the Gaussian; writing out the Hamiltonian

(1.6), we find:
E [ef<\I/,F‘II):| —F [ef(\P,[n]lfiA®(HAfE]l)]‘l/):|

=F [e_(‘l’,[n]l—iAéb(TA—E]l)}\I/) ei(\ll,(A@VA)\Il)]

The randomness of the Hamiltonian is contained entirely within the potential term Vj; it can
therefore be shown that we can also move the non-random Gaussian out of the expectation

value:
E [e—<\1:,F\1/)} — o~ (T -AR(TA-ED]Y) | [ei(\lf,(A®VA)\If)]

Using the fact that the potential is diagonal in position basis (cf. equation (1.6)) and the
potential values {v(x)}.ea are independently distributed across the lattice sites, we can write

E [o(VAEVOY] = F [ Srer vla)(¥e s
_ HE [eiv(x)<\IIZ,A\I/z)} _. H hy (0., AW,)) (1.26)

TEA zEA

where h, denotes the characteristic function
he(t) := / e du(v) = E [e@] vz
vER

of the distribution p according to which the potential values {v(x)}.ecp are distributed. As-
suming for simplicity that p is a Gaussian distribution, we find

1 ’U2

ha(t) / o
L(t) = e

veER 27T0z

2 G_T;% (v—io2t)2
_Jt
= e 2 —_— dU
vER \% 27T0x

_ﬁtQ .92 _ﬁﬁ
=e 2 dp(v —iost) = e 2
veER

and our expectation value (1.26) can be written as

02
IE[ (W, (AQV) )W He e (Wy AT,)

TEN
2
— o~ Zaea (W, AT,)?

Since the potential values are also identically distributed, o, = o Vo and we get
E [el("-(eV)¥)] = 0% Toen (Vo AT,)?

0% (VAD)?
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Finally, we can insert this back into the Kubo formula (1.5):

2

T n . . . 2
0iij(E) = nlir(% p. GZdeixj /SLHZIdE [|GA(x, 0; E +1in)| ]
2
. H 77_ 1 a—Ta—aot gt —Fal¥]
— ,}E& . %ixlx] Ah_gzld LAV | e R L
where we defined an “effective action”
Fal¥] := —log (E [e_N”F\mD

o2 (1.27)
= (U, [n] —iA @ (Th — E1)]0) + 5 (U, AT |

going back to the notion of path integrals. We were thus able to perform the disorder
averaging at the cost of introducing a ¢*-type self-interaction of our superfield ¥. To make
efficient calculations in the presence of this term, we will have to introduce the concept of
non-linear sigma models, which will be the focus of chapter 77?.

1.8 From the lattice to the continuum

This last section is devoted to making the transition from the lattice to the continuum, where
our superfields become continuous functions of spacetime, matrices become linear operators
and integrals over ¥ become functional integrals:

(\I}m)xEA — \If(’l”)
(sz):v,yGA — I:I

/d\I/—>/D\IJ

Our Gaussian integrals thus change into
(V= / c e (Y QY / . e JaVFY Dy (1.28)
We will also adopt the notation of Efetov and introduce a conjugate field
U= UTA
which should not be confused with complex conjugate of W. We note that the product

YU = UIAY = T~ — grigt



1.9. CONCLUSION

1.9

is not positive definite. Modelling the impurities by a white noise potential, our effective
action for the DC conductivity then has the following form:

m

As we can see, this expression is a direct analog to the lattice action (1.27). To make the
physics more interesting and establish a connection to Efetov, we want to generalize this
action for the AC conductivity. As we have seen many times before, this means we have to
introduce an additional frequency dependence to the advanced Green’s function:

We can account for this by adding a projector

P = (él 8) :%(ILJrA)

onto the space of the advanced superfield U~ to our superoperator Fin equation (1.28):

) n—i(H—E) 0 : .
Foe = X — i@ (H-E
pe ( 0 i —p)) TN )
- n—i(H—E+w) 0 , - w
[ | —p—i|A®H-E)+2(1+A
T ac ( 0 n+i(—p) " i[ra )+ 5+

The effective action for the AC conductivity thus becomes

n2

Facl¥] I/dw {77\1”\11—@ <§—m—E+§(1+A)>\P+%2(®II)Q} ,

Conclusion

Introducing various new concepts like path integrals, Grassmann numbers and supervectors,
we were able to express the conductivity of a system as a functional integral over a weighted
Gaussian. In contrast to the diagrammatic approach from previous chapters, this allowed us
to non-perturbatively calculate the disorder average of o, albeit at the cost of introducing a
¢*-type interaction to our theory, again forcing us to use approximations. To deal with this
interaction efficiently, one can use non-linear sigma models, which will be introduced in the
next chapter.
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